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ABSTRACT 'g © 5/%61

Thermally prepared polyanhydro-G-amino acids containing
the cighisen amino scids common to protein accelerstle the
hydrolysis of p-nitrophenyl acetate., Such action is cates-
iytic, rather than stoichiometric, Histidine residues piay
& key role in the hydrolyais; the contribution to activity
of residues of lysine and arginine 1s minor, and no activity
is observed for polymers containing no basic asino acids.
All poiymers tested were more active than the equivalent
amcunt of histidine, some being more than ten times as
active. The higher lievels of activity, per unii of histi-
dine, are observed with those polymers that contain a rela-
tively iow proportion of histidine.
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INTRODUCTION

The preparation of & variety of polyanhydro-c-amino acids by the
simple process of heating the 4dry sonomers has been documented
(1 end bibllogrephy). The thermal npolymers  thus prepared
range in compositional complexity from howopolymers (2,3) to pan-
polymers (4) that contain some proportion of each of the eighteen
aminc sciis commonly found im protein. The latter thersal poly-
mers exhibit many properties in cemmon with protein (4,5); they
have been termed proteinejds (4). These polymers can be regarded
88 casily varied models of protein (1,5,6).

The catalytic activity of thersal polyanhydro-a-emino acids
has especially invited attention. The first sudstrate for which
such activity was reported was the unnatural ester, p-unitrophenyl
acetate (¥PA; 5,7,8). Thermal proteinoids have bheen shown to
sgoeisrate the formation, and subsequent decardoxylation, of
gluouronic acid from giucose (9), the decardoxyiation of pyruvic
acil (10,11), and the conversion of oxaloacetic acid to pyruvic
acid (i2). The sinec saits of agcid proteinoid scceierate the
hydroiysis of ATP (13), as sarlier observed with inerganic saits
of sinc (14) at & higher tempersturs.

The present paper reports additional details on thes dehavior
of proteinoids in the hydrolysis of NPA. Pelymers that wvere
designed 0 oontain varying propoertions of histidine have deen
employed. Attention to histidine residues was infiuenced by the
indiocations that peptide-linked histidine is involved in the
active center of severe. hydrolytic snsymes (15-22), amd by the
faot that various compounds containiag the imidasole ring have




been found to be catalytioally active in ensyme-model experiments
(23-36), which frequently have used X¥PA as the subdstrate, Histi-
dine residues have been focund to play & key role in the action
of proteinoids on ¥XPA, Data supporting the inference th=t the
action is catalytic have yoen obtained,

MATERIALS AND METHODS

Proteinoids were prepared from resctants consisting of 2
parts by weight each of aspartic and giutamic acids, 1 part of
an equimolar mixture of the 16 common neutral and basic amino
acids (4), with varying proportions of histidine hydrochlioride
hydrate. The reactants were heated in an oili bath at i70°C, under
niirogen, for 3 hrs. The crude products wers diélolvod in either
S% or 10% sodium bicarbonate, were disiysed against distilied
water for 3-5 days, and the resulting solutions were dried.
Yields of soiuble, non-diffusible material were generelly 2-4
weight %.

\~-Histidine was obtained from Nutritional Biochemicals
Corporation and froa California Biochemical Corporation, wvarious
lots bdeing used. p-Aitrophenci wes an Lastman produot. p-
Nitrophenyl acetate (EPA) was prepared by the method of Chattaway
(37), uncorr. m.p. 76-78°C {1it., 83°C (37); 79.5-80°C (38)].
Gratitude is expressed to Dr. H. C. White of the Dow Chemical
Company for generous gifis of various smino scids.

The contents of histidine in the intact poiymers were
determined by the method of Macphersom (39), with polymers lack-
ing histidine used as dlank oontrols, and histidine as a standard
(gf. 32). Values obtained om the intsot polymers were in close
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agreement with those obtained on scid hydroiysates (7).

“oiutions for cataiytic sssay wers 2 x 30”2 ¥ in KPA, 2% in
acetone, and containel 4.0 mg. of proteinoid in 0.067 M phosphate
buffer, pH 6.2, in & total voiume of 10.0 mi., 31-32°C (cf. 23).
The iiberated p-nitrophencl was assayed at 400 mu with a Dausch
2nd Lomd “pectronic 20 colorimeter or with a Becikman OU spectro-
phoiometer. Initial rates were cgicuiated from the siopes of
progress curves (which were iinear for ga. 1 hr., with iess than
0% of the KPA beinz hydroiysed) and were reiated to the rate
otserved for the "spontaneous” hydrolysis controi, assignirgz to
he latter a vaiue of 1.00. The activities of the po.ymers,
after correcting for the spontaneous rate, were reiated to that
of fre« histidine by dividing by the vaiue for the equivaient
amount of histidine obtained either by simuitaneocus comparison
or from a :inear plot of activity versus histidine conon.

~gcetate proiucedl from the poiymer-cataliyzed hylrciysis of
HF¥A wag demonstrated by titrating at constent pH 6.2 with
2.0146 % XOH on 8 HKadjiometer Titrigraph.

RI3UTT: ARD DISCUSZION

The histidine contents of proteinoids (7ablie I) were direct.y
proportiona. to the amount of this amino acid present in the
reactants. 7The mean ratio of histidine in the product (26 poiy-
mers) to histidine in the reactants was 0.33, etd. dev. £0.045,
or %12 relative %. The small std, dev. indicates that the incor-
poration intc proteinoids of this amino acid, iike others (6) is

highly controilable and reproducibdie.



TABIE 1

Hiptidine Content and Catalytic Activity for Hydrolysis
of NPA of Repressntative Proteinoids

Tatalytic Activity®

Proteincid®  pistidine  Reiative to ipon- Reiative to
Content, taneous Hydrolysis, Equivalent Amount
wt, %P and 5td, Dev. of Histidine
i=1,3 0.6 1.29 £ 0,06 3.6
A=2,8, rydraly- - i.28 - -
gate

‘I""ua 1.8 1.‘2 t 0.09 lo-ﬁ'
;--800 .2 2.02 t O.ll 2.4
4=13.5 - 7.8 ¥ 0,17 -
5’1305 406 1-091 i 0005 105
D-i.3 0.5 1.24 X 0,04 S.4
D-2.8-a 1.0 i.54 X 0.32 4.2
D=2.8-b 1.2 i.21 £ 0.01 1.3
5=2.8=a loi 1.30 £ 0.01 2.2
D-4.8 1.9 i.41 £ 0.05 1.6
2-8.0 2.6 1.65 % 0.09 i.9
D-1%.5 4.0 198 ¥ 9,12 1.8
Bwled 0.4 1.61 % 0.2¢4 12
1=6.7 3.0 i1.52 £ 0.21 i.3
5“'8.':' 3.0 1065 t O.}l 106

Pldentical cepital letters in the poiymer code indicate that
the poiymers were prepared at the same time. The numerical values
refer to the weight % histiline, present as the HCl hydrate, but
sxpressed as the free base, present in the reaction mixtures,
Lower case letters following identical numbers lesignate repii-
cate samples prepared simuitaneously from reactants of identical
composition.

valluated on the intact polymers by the method of Macpherson
(39) ani expressed as ths free base.

®7he components of the assay solutions are described in the
METHODZ section; poiymer concn. was 0.4 mg/mi.

dcbtainnd 88 descridbed in the METHCDS section.
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The cataiytic activities on NPA of several representative
proteinoids are recorded in Table I. A total of 26 histidine-~
containing proieinoids ware evaiuated., The degree of actiivity per
unit weight of poiymer, relative to the spontaneous control, tends
to incresase as th¢ proportion of histidine in the poiymer in-
creases. :rxceptions, however, are observed (e.g., poiymers
(=2.3, D=2.8-a, and ¥-1.3), when activity is exprressed relative
to that of the equivalent amount of free histidiucv, severai
poiymers with 8 reiatively iow conten: of histidine are more
active, The mean levei of activity for il polymers containing
from 1.3 - 4.6% histidine was oniy 1.7 (etd. dev. % 0,28),
whereag 13 poiymers containing from 0.4 to 1.2% hnistidins have an
average vaiue of activity of 4.6 (std. 2ev. = 3.9); two of the
i8tter polymers were more than 10 iimes as active as the equiva-
ient amount of histidine. The amino acids contained in tithe
nyiroci:ygate of ..~2.2 are much ress active than is the parent
po.ymer. Comparison of the activities on HFA of protelinoils with
thoae or a iarge number of other histidine-containing compounds
(ef., for exampie, 23%-25,29,30,32,40), inciuding peptides and
Poiyamino acids, inlicates that several of the thersal polymers
are among the pore active synthetio derivatives of histidine yet
to be repousted.

* geries of polywers was prepared from which basic amino
acids were systematically omitted, No activity was observed with
the poiymer iacking aii 3 common basic amino acids, those poiy-
mers oontaining iysine and/or arginine, bdbut not histidine, ex-

hivited a iow ievei of activity (average value, reiative to the
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spontaneous contro., -.0%), whereas polymers coutaining histidine
nad ni appreciab.y higher ievei or activity (average va.ue, 1.20).

Mhe presence of .ysine and/or arginine in ire poiymers with his-

ct

i?izne 34131 not appreciabliy aiter the liever of activity. 1t wouid
thus sppear that any coutribution to activity by .yeine or argi-
nice residue¢s is pinor. These resulta ar¢ consisient with the
findinz that, on a molar basis, free lysine and free arginiue at
pli 6.8 were oniy 0.16 and 0.06 times as active, respectively, as
free histidine., & low isevel of activity for iysine in homo-
po.ymeric form has been reporied (32).

Titrimetric evsiustion of the hydroiysise of LPA at cousten!
pd €.2 revealed that the liberation of p-nitrophenol was sccom-
panigd by the release of an equivaient amount of ace¢tate. ror
exempie, in dupiicaie snalyses (5 umoles NPAi snd 6 mg. poiymer
in 5 mi. buffer, 4 hr., 30°C), 1.22 and 1i.i4 umoles of p-
nitrophenol were deiected colorimetricaily and, eafter gorrecting
for the degrees of dissociation of p-~nitrophenol (38) and ace~
tate, 1.21 and 1.15 umoles of acetate were found titrimeiricaily.
In the same time period, the spontaneous control liberated iess
than half these amounts of products. Such results have been
noted both with proteinoids and with thermai copolymers contain-

ing only aspartic scid and histidine,®

87 he use in similar experiments of polymers containing
residues of aspartic mcid which were not previously converted (41)
from the cyclic imide (2) to the g;ptido form resulted in some
uptake of {nnc in the absencs of A, due to the hydrolysis of
imide. However, after correciing for such uptake, liberation
of acetats from NPA was evident,
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“eversi kinds of evidence indicate that the reactions are
cataiytic, rather trnan stoichiometric. Wwhen trie hydrolysis of
1070 ¥ n2a by proteinoid i-2.,8 (0.2 mg./mi.) was foiliowed to com-
pietion, linear {irst order piots were obta.neld tor at iecast Y0%
of th: reaction. At the ratio of subsirate to poiymer emp.oyed
{cg. 75 to i, expressing the moi.r conem. of poiymer in terms of
nistiline residues), non-linear first order piots wouid be pre-
dicted for a stoichiometric reaction (28,41). after ail of
the Nrn had reacted, a second aiiquot of NPA was adied to the
soiution, giving 1077 M ¥Ph. The first order rate constan: note?
with the second aiiquot of Ni4 was essentially identical tc ithoge
opserved with the first. A lower rate wouid be predicted for the
g2cond aiiquot if the reaction were stoishiometric {(3.i). (' he
first order rate constant for the proteinoild, corrected for the
spontanecus control and converted to unitrconcn. of 1 mg./mi.,
was i4 x 10”2 por hour; a value of 4 x 10™° per hour was obiained
for the spontaneous controi.) The molar ratioc of KPi hydrolyzed
per hiastidine residue, after oorrecting for the NPA hydroliyze?
spontaneousiy, is caicuiated from the resuits observed with voth
aiiquots of NP, to be at least 2531, & resuit further indicating
cataiysis. The iiberation of acetate and p-nitrophenoi in equal
proport.ons is a.so consistent with an inference of cata.ysis.
“he action of thermal polyanhydro-c-amino acids on oxsioacelic

acid has also becn shown to bes catalytic (12). (Although aseptic

precautions were not taken in the prolonged (several days) experi-

ment mentioned above, no growth of microorganisms was observed

when aiiquots of the assay solutions were plated on nutrient




agar. This observation, which is in accord with the kmnown toxic
nature of p-nitrophenol (42), indicates thst the results are not
due to contsminating microbdes. ]

The truly catalytic action of thermal polyanhydro-c-amino
acids on NPA, the relatively high level of activity shown by
some preparations, and the sase of variation of the amino acid
composition of the thermal polymers (resulting in different
leveis of activity) suggest the use of the thermai polymers as
an alternate type of model compound for the investigation into
the kinds of amino acide involved in the active sites of enzymes.
an adiitional feature of relevance in this context is that
thermal polymers (both proteinoids and copolymwers of aspartic
acid and histidine) are inactivated by heating their buffered
solution, & topic that is treated in @ subsequent report (43).
~‘iso, because proteinoids are prepared under geological condi-
tions (1), the present results suggest one way in which macro-
molecular catalysts could have been formed abioticaily from
amino acids, thence to become attributes of the primordiai
cell (1).
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